Inosine completely reversed the selective inhibition of sporulation in Bacillus subtilis 168 caused by m-aminobenzeneboronic acid; guanosine and adenosine, but not xanthosine, partially reversed inhibition, whereas pyrimidine nucleosides were slightly effective. In addition, 0.005 to 0.025 mM inosine caused a four-to fivefold stimulation of sporulation of B. subtilis grown in minimal salts medium. Ultraviolet and infrared spectra and other physical and chemical properties of inosine were markedly similar to those of "sporogen," a previously described endogenous sporogenesis factor present in sporulating Bacillus species.
In 1963 Srinivasan and Halvorson (27) reported the occurrence of an endogenous factor, termed by them "sporogen," in several species of Bacillus. The substance appeared only in cells undergoing sporulation. Cells which had been grown by a series of repeated transfers and resuspended in a medium in which they could not normally sporulate were induced to massively sporulate by the addition of sporogen. From 5 lb (ca. 2.27 kg; wet weight) of Bacillus cereus these workers isolated 19 mg of sporogen. Some physical and chemical properties for this compound were later reported by Srinivasan (25, 26) , but he did not suggest a chemical structure for this compound.
We show here that inosine can induce sporulation under certain conditions, and that a number of its chemical and physical properties are similar to those described for sporogen.
MATERIALS AND METHODS
Bacterial strain. All studies were done on Bacillus subtilis 168 (Trp-), a transformable tryptophan-requiring auxotroph described by Spizizen (24) .
Growth studies. Reversal of m-aminobenzeneboronic acid-induced inhibition of sporulation by nucleosides was tested in the supplemented nutrient broth described by Hanson et al. (14) . When this medium was used the inoculation procedure of Deutacher and Kornberg (8) was followed.
Studies involving the role of inosine as a direct inducer of sporulation in B. subtilis 168 were carried out in Spizizen salts (24) supplemented with 0.02 mM Mn2 , 27 .75 mM glucose, and 0.12 mM L-tryptophan. Similar studies were also carried out in media G and A as described by Srinivasan (25, 26) . All reagents used in the growth studies were of reagent grade.
A single colony from cells maintained on gelatin plates (Difco Laboratories) was transferred to liquid medium to initiate growth. The extent of growth was measured turbidimetrically by using a Klett-Summerson colorimeter equipped with a no. 66 filter.
The extent of sporulation was followed by counting the number of refractile bodies and the total number of intact cells in 5 to 8 fields in a Nikon research microscope fitted with phase-contrast optics. The percentage of heat-resistant bodies was determined by plating appropriate dilutions on gelatin plates before and after heating at 700C for 20 min.
Preparation of m-aminobenzeneboronic acid. A 20 mM stock solution of purified m-aminobenzeneboronic acid was prepared according to the method of Davis-Mancini et al. (5) . Appropriate volumes of this stock solution were added to media to obtain a final concentration of 0.20 mM. The pH of this inhibitor was adjusted to 7.0, and the solution was sterilized by filtration through a sterile 0.45-pm filter (Millipore Corp.) before it was added to media.
Preparation of the nucleosides. Solutions of 1 mM adenosine, guanosine, inosine, xanthosine, cytidine, and uridine (all from Sigma Chemical Co.) were prepared in deionized water and sterilized by filtration. Appropriate volumes of these stocks were aseptically transferred into the culture media.
Stimulation of sporulation by inosine in supplemented Spizizen medium. A single colony of B. subtilis 168 cells from gelatin plates was transferred to 10 ml of Penassay broth (Difco) medium and shaken at 240 rpm at 30°C for 12 h in a G-25 rotary shaker. A 0.5-ml volume of this culture was added to 50 ml of supplemented Spizizen medium contained in a 300-ml baffled sidearm flask and shaken at 240 rpm at 370C. At the end of the logarithmic growth phase (.200 Klett units) various concentrations of inosine were added to test effects on sporulation.
RESULTS
Comparison of the properties of sporogen and inosine. Table 1 compares several properties reported for sporogen to those of inosine. The most common crystal forms of inosine are the anhydrous and dihydrate forms. Although monohydrate has been reported (15) , no melting point was listed for it. Authentic inosine was taken through the last two steps of 'Dihydrate; data from reference 28.
the purification scheme described by Srinivasan (25, 26) for sporogen and crystallized from water. The white crystals obtained after air drying overnight had a melting point of 210°C. This would appear to correspond to the anhydrous form. The occurrence of intermediate forms suggests that perhaps the water content of the crystal form may depend on the relative humidity at which it is collected. In comparing the chromatographic mobilities of inosine and sporogen, it should be noted that neither the type of paper nor the temperature at which the chromatography of sporogen was carried out was specified (25, 26) .
Both the UV and the infrared absorption spectra of sporogen (25, 26) show a striking similarity to those of inosine. In screening compounds to compare with sporogen, we examined initially nucleoside derivatives and antibiotics which had UV absorption maxima near 249 nm (± 4 nm). From this collection we eliminated all but inosine on the basis of extremely divergent infrared spectra. The UV spectrum of inosine was normalized to that of sporogen with respect to its absorption peak at 249 nm, and the two spectra are superimposed in Fig. 1 .
The higher absorbances seen for sporogen relative to inosine at the shorter wavelengths might be due to either impurities in the sporogen or baseline differences in the instruments on which the spectra were taken. They may, of course, be real differences. Figure 2 shows the infrared spectrum of inosine from a reference source plotted on the same scale as that reported by Srinivasan for sporogen (25) . Both the position and the relative intensities of a number of bands are srikingly similar, but the low resolution of the spectrum of sporogen at fiequencies below (Table  2) . Similar experiments with other nucleosides showed that at 0.010 to 0.025 mM levels adenosine and guanosine brought about only 60 to 65% reversal of inhibition of sporulation, whereas xanthosine, cytidine, and uridine had little or no effect (Table 3) .
Adenine and hypoxanthine were tested in a similar way over a range of 0.005 to 0.050 mM; they were optimally effective at 0.010 mM. At this concentration inhibition was reversed to an extent of 50 to 60% and 30 to 40% by adenine and hypoxanthine, respectively. (21) . The calculation was made by arbitrarily assigning a value of0.36 absorbance units to thepeak of 1,700 cm-' and converting to the logarithmic scalc reported for sporogen. The sporogen spectrum is that reported by Srinivasan (25) . When cells were grown in supplemented Spizizen medium until the end of the log phase followed by the addition of various concentrations of inosine, the results shown in Table 4 were observed. While this induction was not dramatic, it was highly reproducible. DISCUSSION Table 1 shows that inosine and sporogen have closely similar UV absorption maxima and minima. When normalized spectra of inosine and sporogen were plotted together, the spectra were found to be completely coincident down to a wavelength of 240 nm (Fig. 1) . Of over 60 nu. cleosides, nucleotides, and their analogs having absorption maxima near 249 nm, inosine monohydrate was calculated to have the elemental composition closest to that reported for sporogen. It seems probable to us that sporogen is inosine or a very closely related compound. We are aware that the only definitive proof of the structure of sporogen requires its reisolation by the procedure of Srinivasan (25, 26) . In the face of our inability to reconstruct his biological assay, however, such an effort has not seemed worthwhile to us. Assuming that sporogen has about the molecular weight of inosine, we calculate that the sporulating cells from which it was isolated contained -0.1O mM levels of sporogen.
Regarding the reversal of the inhibition of sporulation (caused by m-aminobenzeneboronic acid) of B. subtilis by inosine, guanosine, and adenosine, it should be noted that all three nucleosides are effective at concentrations well below those which could significantly decrease the concentration of boronate by diol complexation.
Nucleosides have been found to cause a number of effects in eucaryotic cells. Addition of formycin B, an inosine analog, to Dictyostelium discoideum under conditions that otherwise favor fruiting body construction stimulates the formation of migrating slugs (4) . At submicromolar concentrations adenosine directly stimulates adenylate cyclase in cell-free systems from mouse thymocytes (2) . In the same tissue it has also been reported that adenosine and adenine nucleotides induce the DNA synthesis markedly (13) . At relatively high concentrations (10 to 20 mM) inosine is well known for its effectiveness in preserving erythrocytes (for example, see reference 6).
Purine nucleosides and their derivatives have also been reported to have dramatic effects in bacterial differentiation. For example, the addition of inosine at 1.5 mM caused a 1,000-fold increase in the sporulation of Clostridium perfringens (20) . Very recently Manoil and Kaiser (16) have found that adenosine (0.019 mM) and hypoxanthine (0.037 mM) can induce fruiting body formation in Myxoccocus xanthus. They argue that since low levels of glycine selectively reverse this induction, the purine compounds may be causing a nutritional imbalance. In this connection, Mitani and co-workers have found that hadacydin and decoyinine act as inducers of sporulation in B. subtilis under certain conditions (17) . The former inhibits the conversion of IMP to AMP, and the latter inhibits the conversion of IMP to GMP. Both inhibitors might be expected to increase the pool size of inosine 5'-monophosphate, at least transiently, and hence increase the pool size on any metabolites derived from this nucleotide, such as hypoxanthine or inosine.
Bacterial sporulation is a process which is induced by various types of starvation. In gramnegative bacteria and in mammals metabolic stresses induced by starvation elicit the production of hypoxanthine (22) 
